Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. The results of a density functional study of the chemisorption of water on a Cu( 100) surface are presented. Both atomic cluster and periodic supercell models of the surface were used in the investigation. From the cluster studies a single water molecule is bound'by about 0.6 eV to the surface and is in an on-top site. The addition of a second water molecule in a site adjacent to the f~st one is not favorable due to polarization of the electron density near the surface. The periodic density fictional calculations give results consistent with the cluster studies.
The nature of the interaction of water with noble metal surfaces is of great importance in electrochemistry, corrosion, and heterogeneous catalysis. There is evidence that intermolecular interactions between water molecules can compete with water-surface interactions, although little is known about the role that hydrogen bonding between water molecules plays in determining the structure of the metal/water interface. "Very little is known experimentally about the nature of the interaction of a single water molecule with noble metal surfaces because it is difficult to separate out the water/water effects from the water/surface interactions. In a study of water on a Au(l 11) surface, Kay et al.(l) have reported that the temperature programmed resorption (TPD) spectrum does not display a well-resolved submonolayer peak indicating that H20 binds more strongly to itself than to the Au substrate. Arrhenius analysis of the TPD peak gave a binding energy of about 0.4 eV. In an electron-energy-loss spectroscopic (EELS) study of water on a Cu( 100) surface, Andersson q et al. (2) found that it adsorbs with the oxygen end towards the surface and its molecular axis significantly tilted relative to the surface normal.
There have been several theoretical studies of a single water molecule adsorbed on Cu and Ag surfaces with the surface represented by atomic clusters. Kuznetsov and Reinhold (3) studied an H20 molecule adsorbed on Cus and Ags clusters with the CNDO/2 serniempirical molecular orbital method. They found the most stable sites to be hollow sites (4-fold coordination) with binding energies of 1.5 and 1.1 eV, respectively, which they indicated were overestimates. Ribarsky et al. (4) reported local density XU calculations of bonding between H20 and a CU5cluster. They found a binding energy of 0.38 eV for water positioned at the on-top site with a tilt angle of about 70°f rom the normal. Rodriquez and Campbell (5) studied H20 on a Cu surface using the INDO/S method with the surface represented by 14-18 atom clusters to determine the nature of the bonding. Ignaczak and Gomes (6) reported a density functional study of the interaction of HzO with cluster models of copper, silver and gold surfaces. The clusters contained up to 12 atoms. A minimal basis set with effective core potentials was used. They found that on-top and 2-fold sites had similar binding energies of about 0.3 eV on the Culz clusters with the water molecules tilted in both cases.
In this paper we report alI-electron gradient-corrected density functional calculations of the chemisorption of water on a copper surface to determine the most favorable adsorption site, binding energy, and the orientation of the water molecule. The calculations clusters of Cu atoms and a supercell model of the surface.
are done on
Theoretical Methods
The H20/Cu surface calculations were carried model the Cu( 100) surface. Two cluster sizes out on clusters chosen to were used in most of the o 0 calculations: (1) a ten atom cluster containing five atoms in the f~st layer, four in the second, and one in the third and (2) and fourteen atom cluster containing eight atoms in the f~st layer and six in the second. These clusters are illustrated in Figure 1 .The experimental crystal structure was used to construct the clusters (the CU-CU interatomic distances in the layers is 2.54~). The water molecule was held rigid at its experimental geometry R(OH) = 0.957~and cHOH = 104.5°.The cluster calculations were done with a 9s5p3d contraction of Wachter's (7) 14s9p5d primitive set for Cu and an f polarization function. This is referred to as "6-31 lG*" in the Gaussian94 code (8) . The standard 6-31 lG* basis set was used for oxygen and hydrogen in the calculations. Most of the calculations were done at the B3LYP level of theory. In addition, Hartree-Fock (HF) and second order perturbation theory (MP2) calculations were done for comparison with the B3LYP results. Copper atom cluster models of ( 100) surface. On the left is a ten atom cluster and on the right is a fourteen atom cluster.
Periodic density functional calculations reported in this paper utilized crystalline orbitals constructed from the localized atomic orbitals, which are linear combinations of Gaussian orbitals. The KohnSham equations for crystalline orbitals were solved self-consistently using the nonlocal exchange functional of Becke (9) and the nonlocal correlation functional of Lee, Yang and Parr (10) (BLYP). In the periodic calculations the 6-3 lG* (11) basis set for copper was slightly truncated and reoptimized for crystal studies: the outer sp-fi.mction and f-function were removed from the basis set and the 3sp contraction was split into 2 and 1; the latter was optimized in the bulk copper crystal to 0.12664. The standard 6-31G* basis set was used for oxygen and hydrogen. The optimized copper crystal lattice constant of 3.53~was obtained with this basis set. This agrees reasonably with the experimental value of 3.59~. The surface calculations were done using a periodic slab model with 21 k-points in the planar Brillouin Zone. The periodic calculations were done with the CRYSTAL95 (12) code.
Results and Discussion
Cluster Models. Initially, the dependence of the chernisorption energy on the level of the theory was investigated for a single water molecule adsorbed on the on-top site of the CU1O cluster. In addition, the distance, of the water molecule to the surface was optimized. The results are shown in Table I . At the HF level the water molecule is bound by 0.37 eV with an optimized water-surface distance of 2.27~. Inclusion of correlation at the B3LYP increases the binding to 0.60 eV and shortens the distance to 2.10~. The BLYP density fictional gives a similar result as the B3LYP functional (0.63 eV and 2.10 A). The inclusion of correlation by second order perturbation theory (MP2) gives a binding energy of 0.72 eV, which is consistent with the B3LYP results. Thus, the B3LYP/6-31 lG* method was used in all of the other cluster calculations reported here. The dependence of the adsorption energy on cluster size was investigated using four different cluster sizes: the ten and fourteen atom clusters described in theory section as well as a nine atom cluster (formed by removing the one atom layer from CUIO) and We also investigated the tilt of the water molecule and found that at the B3LYP/6-31 lG* level the water molecule on the l-fold site tilts by about 30°relative to the surface normal. The energy lowering gained by this tilt is only 0.03 eV.
The adsorption of a second molecule at a site adjacent to the fwst water in an on-top site was investigated using the B3LYF%-31 lG* method. The structure of the two water molecules on the surface of the CU1.4 cluster is shown in F&ure 2(a). Both molecules were held fixed at
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(a) (b) Figure 2 . (a) Orientation of two waters in adjacent sites on CU14 cluster and (b) hydrogen bonded water dimer on the surface 2.10~from the surface. The binding energy of the second water molecule is only 0.03 eV and, if allowed, the second water molecule moves away fi-om the surface. The adsorption of a hydrogen bonded water dimer on the surface was investigated. The structure for the water dimer is shown in Figure 2(b) . In this case the second water molecule has an adsorption energy of 0.38 eV. The increase over the adjacent adsorption site is due to the formation of the hydrogen bond with the fiist water molecule.
The unfavorable interaction of the second water moIecule in an adjacent site on the Cu( 100) surface can be understood in terms of the charge redistribution that occurs near the surface. The Mulliken charges on the surface copper atoms of the CUIAcluster are shown in Figure 3 . They indicate that the adsorption of a water molecule in an on-top site causes polarization of the charge on the surface atoms so that the nearest neighbor atoms of the Cu atom to which the water forms a bond are negatively charged. This results in an unfavorable interaction of the second water molecule in the adjacent site. The repulsion of the two waters will also contribute to the unfavorable interaction energy for the adjacent site. This cluster result is consistent with the work of Price and Halley (13) who reported on a simulation of the waterkopper interfhce using a molecular dynamics density fictional plane wave approach. From these simulations they found that polarization of the electron density near the surface resulted in only a small number of the waters close to the surface. Periodic Calculations. A two-dimensional periodic copper slab consisting of two layers was used for surface modeling. The lattice constant was fixed at the experimental value for consistency with cluster calculations. The water molecules were adsorbed at 50% of the surface copper atoms, thus giving half-monolayer coverage of the surface as shown in Figure 4 . The orientation of all water molecules is the same and corresponds to the most stable geometry found in cluster calculations with the oxygen end of the molecule directed toward surface. The distance between the molecule and the surface was optimized while their geometries were kept frozen. An equilibrium distance of 2.14 A was obtained, similar to that found in the cluster calculations. The binding energy of water to the copper surface was found to be 0.27 eV at this coverage. The water molecules at halfmonolayer coverage repel each other due to dipole-dipole interactions. To extrapolate water-surface binding energy to a low coverage limit we calculated the water repulsion energy separately and added it to the binding energy. The corrected binding energy is 0.33 eV.
It was found experimentally that water molecules tilt when adsorbed on the (100) copper surface. If we consider this tilt at half of the monolayer coverage, the water-water repulsive interaction is greatly reduced when molecules are tilted and water molecules start to attract each other at tilt angle of about 35°. Tilt is estimated to produce a very modest gain of about 0.03 eV in the water-surface binding energy. Since the energy contribution of water-water interactions is much higher than that extrapolation of tilt angle to low coverage limit is not possible. 
Conclusions
The results of a density functional study of the chemisorption of water on a Cu( 100) surface are presented. Both atomic cluster and periodic supercell models of the surface were used in the investigation. From the cluster studies a single water molecule is bound by about 0.6 eV to the . . ., r A surface and in an on-top site. The addition of a second water molecule in a site adjacent to the first one is not favorable due to polarization of the electron density near the surface. The periodic density functional calculations give similar results for the geometries and energies of the H20/Cu adsorption.
